V 2 O 5 xerogel films were fabricated by casting V 2 O 5 sols onto fluorine-doped tin oxide glass substrates at room temperature. Five, ten and twenty atomic layers of Al 2 O 3 were grown onto as-fabricated films respectively. The bare film and Al 2 O 3 -deposited films all exhibited hydrous V 2 O 5 phase only. Electrochemical impedance spectroscopy study revealed increased surface charge-transfer resistance of V 2 O 5 films as more Al 2 O 3 atomic layers were deposited. Lithium-ion intercalation tests at 600 mAg À1 showed that bare V 2 O 5 xerogel film possessed high initial discharge capacity of 219 mAhg À1 but suffered from severe capacity degradation, i.e., having only 136 mAhg À1 after 50 cycles. After deposition of ten atomic layers of Al 2 O 3 , the initial discharge capacity was 195 mAhg À1 but increased over cycles before stabilizing; after 50 cycles, the discharge capacity was as high as 225 mAhg
I. INTRODUCTION
Lithium-ion batteries become the focus of rechargeable batteries in the new decade. Its success in powering portable electronic devices such as cellular phones and laptops has raised strong interests in pushing its application in large mobile devices, e.g., hybrid vehicles.
1,2 The advantages of using Li-ion batteries as alternative of fossil fuel for hybrid vehicle power source lie not only in energy perspective but also in environmental considerations. 3, 4 However, the application in hybrid vehicles requires high discharge capacity which current lithium-ion batteries do not have. Worldwide research has been carried out to improve the intercalation capabilities of lithium-ion battery electrodes in the past decade and a lot of inspiring results have been published on improving the discharge capacities. [5] [6] [7] It was reported that for some intercalation host, amorphous or less crystallized state could be more favorable for lithium ion intercalation, i.e., possessing higher discharge capacity, due to the less well packed structure and more freedom for lithium ion diffusion. [8] [9] [10] [11] V 2 O 5 is one of these materials: less crystallized hydrous V 2 O 5 phase was found to accommodate more lithium ions as compared with well crystallized phase. 12, 13 In addition, formation of hydrous V 2 O 5 does not need thermal treatment in fabrication process so it could be more suitable to be used for novel film battery on conductive plastic substrate. 14 However, the capacity loss of hydrous V 2 O 5 during the repeated lithium-ion insertion/extraction process is also severe. 15 This phenomenon is attributed to two major reasons. The first one is the dissolution of electrode in the electrolyte, especially for nanostructured and poor crystallized materials whose surface area was often much larger than bulk and well crystallized materials. 16 the second one is related with the poor mechanical strength of un-annealed electrodes 17 : Electrodes without thermal annealing or other special treatment often suffer from poor mechanical strength and thus could lose contact between particles more easily. During the repeated lithium-ion insertion/ extraction process, nanoparticles in the film could easily fall apart and the interconnection inside the electrode is severely damaged. 18 To solve these two problems, nanosized coating of oxides is often used. They can modify the electrode surface chemistry while at the same time increasing the mechanical strength of the film electrode. 19, 20 However, nano-sized coating is often realized by employing solution-based route and conformal coating ontoporous electrode is especially difficult due to the capillary force associated with mesopores and micropores resisting liquid penetration. 21, 22 Atomic layer deposition (ALD) turns out a) Present address: School of Engineering, Brown University, Providence, RI 02912.
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Conformal atomicthickness coating could be achieved via this method on the surface of porous films without changing any internal structure. Moreover, coating thickness could be easily controlled by choosing the appropriate number of deposition cycles. In this work, we employ ALD equipment to grow thin atomic layers of Al 2 O 3 on the surface of less crystallized V 2 O 5 xerogel film prepared at room temperature. After Al 2 O 3 atomic layer deposition, it is found that the lithium-ion intercalation cyclic stability of V 2 O 5 film is obviously improved as compared with bare film without Al 2 O 3 deposition. This cyclic stability improvement is attributed to the binding role of Al 2 O 3 atomic layers and also their protection of the electrode from dissolution in the electrolyte.
II. EXPERIMENT
A diluted sol of V 2 O 5 nH 2 O was prepared using the method reported by Fontenot et al. 24 In Scanning electron microscopy (SEM, Philips, JEOL JSM7000) and x ray diffraction (XRD, Philips 1820 x ray diffractometer) were carried out to characterize the morphology and crystallization state of as-fabricated films. Electrochemical impedance spectroscopy (EIS) study was carried out using a Salon 1260 impedance/gain-phase analyzer with a Pt foil as the counter electrode and 1 M LiClO 4 in propylene carbonate as the electrolyte. The frequency range was from 100 kHz to 0.1 Hz. Lithium-ion intercalation properties of V 2 O 5 films were investigated using a standard three-electrode system, with 1 M LiClO 4 in propylene carbonate as the electrolyte, a Pt mesh as the counter electrode, and Ag/AgCl as the reference electrode. Cyclic voltammetric (CV) tests were conducted between 0.6 V and À1.4 V with a scan rate of 10 mVs À1 . Chronopotentiometric (CP) tests were carried out in the voltage range from 0.6 V to À1.4 V with current density of 600 mAg
À1
. The CV and CP tests were performed using an electrochemical analyzer (CH Instruments, Model 605B). The area of the working electrode used for all the electrochemical studies was 7 mm Â 8 mm approximately.
III. RESULTS AND DISCUSSIONS

A. Results
The as-fabricated sol-gel film was homogeneous and SEM study (not shown here) revealed plain surface morphology with film thickness of $ 2 lm. After atomic layer deposition, no noticeable morphology change was observed. As reported earlier, such xerogel film was highly porous with porosity ca. 50%. 13 The high porosity could be attributed to the solution-based route without thermal treatment. Water residues trapped in the pores can be removed by high vacuum processing during atomic layer deposition. Crystal water bonded to V 2 O 5 structure is estimated to be 0.7 H 2 O per V 2 O 5 by TGA measurement. X-ray diffraction pattern of as-fabricated film is shown in Fig. 1 . The broad peak discerned on the pattern is (0 0 1) peak of hydrous V 2 O 5 phase and the interlayer distance between adjacent layers is 11.7 Å by calculation using the diffraction angel of (0 0 1) peak; the crystallite size estimated by using Scherrer's formula is ca. 5 nm, which is the thickness of the platelet along <0 0 1> direction. No crystallography change is observed on XRD patterns after different cycles of atomic layer deposition of Al 2 O 3 , suggesting that the crystal water remains bonded in the structure without being affected by high vacuum process.
The EIS of all the films are presented in Fig. 2 . Figure  2 (a) shows the high to middle frequency region of Nyquist plots (it is only part of the measured Nyquist plots) of the measured films and Fig. 2(b) shows the equivalent circuit that was used for fitting the measured Nyquist plots. In Fig. 2(b) 's circuit, R 1 represents the resistance of electrolyte; R 2 is the charge-transfer resistance of V 2 O 5 film; R 3 represents the resistance of V 2 O 5 film (or the electrode); and the CPEs in the circuit are constant phase elements. 25 Electrolyte resistance of the films reveals the process of lithium ion transport in the electrolyte and its value is the resistance value that the Nyquist plot semicircle starts from. It can be noticed that Al 2 O 3 coated films all have lower electrolyte resistance ($120 X) than bare V 2 O 5 ($180 X). Similar electrolyte resistance decrease after coating was also coated electrode. 27 Charge-transfer resistance reveals the process of lithium ion charge-transfer across the electrolyte/ electrode interface. As could be clearly seen after the comparison of the Nyquist plots of the four films, with more Al 2 O 3 cycles deposited, the semicircle representing the charge-transfer resistance becomes larger. The chargetransfer resistance values after fitting the Nyquist plots with the equivalent circuit shown in Fig. 2(b) show increasing magnitude: Bare V 2 O 5 (68 X) < Al 2 O 3 -5 (400 X) < Al 2 O 3 -10 (2.9 kX) < Al 2 O 3 -20 (4.7 kX). It should be noted that as more Al 2 O 3 atomic layers are deposited, the charge-transfer resistance exhibits noticeable increase which is due to more inert and insulating Al 2 O 3 on V 2 O 5 film surface.
The lithium-ion intercalation properties of all the films were studied using cyclic voltammetric (CV) and chronopotentiometric (CP) tests. Figure 3 compares the CV curves of the four films in the first, thirtieth and fiftieth cycles. For bare V 2 O 5 film, the initial CV curve exhibits broad oxidation and reduction peaks, suggesting poor crystallinity of the film. 28 Reduction peaks are associated with lithium ion insertion reaction:
Oxidations peaks are associated with lithium ion extraction reaction:
There are two pairs of redox peaks from bare V 2 O 5 film with the more noticeable pair appearing at À 0.76 V (reduction peak) and À 0.39 V (oxidation peak) and the less noticeable ones at À0.21 V (reduction peak) and 0.15 V (oxidation peak). There is another oxidation peak at À0.25 V, but the peak disappears very quickly after initial cycles which could ; its discharge curve also exhibits two poorly-defined plateaus from À0.5 V to À0.7 V and from À0.9 V to À 1.1 V. After deposition of 5 Al 2 O 3 atomic layers, the discharge curve starts voltage drop from À0.08 V and the initial capacity decreases to 201 mAhg Fig. 4(a) , we could notice that bare V 2 O 5 film has the highest discharge capacity in the initial cycle; however, after 30 cycles, it exhibits noticeable capacity decrease while the Al 2 O 3 deposited films exhibit capacity increase. After 50 cycles, the bare V 2 O 5 has a poor capacity of $130 mAhg
À1
, and the Al 2 O 3 deposited films all have higher capacities. All the films, whether bare V 2 O 5 or Al 2 O 3 deposited films, exhibits good columbic efficiency by delivering nearly the same charge capacity as discharge capacity, indicating good reversibility of lithium-ion intercalation/de-intercalation process. and stabilizes at 147 mAhg À1 after 50 cycles. As demonstrated in the experiments, V 2 O 5 film deposited with five or ten atomic layers of Al 2 O 3 exhibited high discharge capacities with noticeably improved cyclic stability. When more than ten atomic layers of Al 2 O 3 were deposited, the cyclic stability remained the same but the capacity value was much lower.
B. Discussions
The improved cyclic stability of V 2 O 5 film after Al 2 O 3 atomic layer deposition could be attributed to the enhanced surface chemistry stability and mechanical strength of V 2 O 5 film. As reported by literature, electrode dissolution and volume change during the cyclic lithium-ion intercalation/ de-intercalation process are the two main causes of capacity degradation. 32, 33 Nanostructured films often deliver high capacities benefiting from the large surface contact area with electrolyte, providing sufficient reaction sites for lithiumÀion intercalation. However, large interface also means more electrode dissolution in the electrolyte in longterm cycles, causing faster loss of active material and resultant capacity degradation. On the other hand, after lithium-ion intercalation, host film will experience volume expansion which often causes excessive mechanical stress, detrimental to the film structure integrity especially for unannealed films which suffer from poor mechanical strength. Coated atomic layers play the role both as the protection layer to reduce electrode dissolution into the electrolyte and also as binder to counter the volume change stress by holding reacting film more firmly. 34 Coating as the protection layer to protect electrode surface integrity has been widely recognized and it is already well proved to be highly effective as we discussed in the introduction part. However, the binding role of deposited atomic layers is not well recognized yet. For porous film, interconnected nanostructured particles are experiencing repeated volume expansion and could gradually lose contact between each other. As a result, the connection network is damaged and capacity degradation is evidenced. Thermal treatment could be one solution to solving the problem by increasing mechanical strength, i.e., building up more particle contact areas; however; at the same time, thermal treatment could also change the crystal structure and reduce total film surface area, 35 unfavorable for lithium-ion intercalation. In addition, in some advanced flexible energy storage device applications, due to the plastic substrate used for film battery, thermal treatment should also be avoided to ensure good substrate conductivity. In contrast to traditional thermal method, Al 2 O 3 atomic layers increase film strength by acting as binders to hold expanding nanoparticles together during repeated cycles. Internal structure of the film can be well preserved and substrate conductivity will not be sacrificed. So ALD deposition is favorable as an effective method to increase film electrode mechanical strength.
IV. SUMMARY AND CONCLUSIONS
Atomic layers of Al 2 O 3 were deposited onto sol-gel derived V 2 O 5 xerogel films which did not receive any thermal treatment and lithium-ion intercalation capabilities of these films were studied. Bare V 2 O 5 film had an initial discharge capacity as high as 219 mAhg À1 but after 50 cycles its capacity was only 136 mAhg
À1
. After Al 2 O 3 deposition, the cyclic stability of V 2 O 5 films was noticeably improved. The film deposited by five atomic layers of Al 2 O 3 started with a capacity of 201 mAhg À1 and after 50 cycles the capacity was still as high as 204 mAhg À1 ; the film deposited by ten atomic layers of Al 2 O 3 had an even better cyclic stability by starting with a lower capacity of 195 mAhg À1 and after 50 cycles possessing a higher capacity of 225 mAhg
. The improved cyclic stability of V 2 O 5 films after Al 2 O 3 atomic layer deposition could be attributed to the inert Al 2 O 3 layers both as the protection coating to reduce active electrode dissolution in the electrolyte and as the binders to increase the mechanical strength of the V 2 O 5 film.
